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Abstract. The mechanical properties (Young’s modulus and fracture toughness) of composite 
made from a poly (methyl methacrylate) (PMMA) matrix filled with alumina trihydrate (ATH) 
are reported. The experiments were performed using flexural tests and single edge notched 
bend (SENB) tests. The composites samples were tested at a range of filler volume fractions 
(34.7%, 39.4% and 44.4%) and mean filler diameters (8 μm, 15 μm and 25 μm). The data of 
Young’s modulus agreed well with the results of Lielens model and finite element analysis 
(FEA) model.  
1.  Introduction 
Particle-filled polymer composites are important among engineering materials due to their ability to 
provide both economic and technical advantages. The work here is concerned with ATH filled PMMA 
composites at high filler volume fractions. These composites have been widely studied [1-3]. One of 
the major concerns is the relationship between the microstructure and the mechanical properties of 
these composites. The elastic behavior of particle-filled polymers is well understood and several 
models have been developed [4, 5] to describe the relationship between Young’s modulus and the 
addition of filler. However, the effects of filler on the fracture toughness are not well understood. 
Generally, as the modulus increases, the fracture toughness decreases. In this work, fracture toughness 
tests were performed on composites with different filler volume fractions (34.7%, 39.4% and 44.4%) 
and mean particle diameters (8 μm, 15 μm and 25 μm). In addition, by comparing with the 
experimental results, the reliability of FEA modelling results is verified. 
2.  Experiments and methods 
2.1.  Materials 
ATH/PMMA composites used in this work were provided by E.I. DuPont Nemours & Co. (Inc.) in the 
form of sheets (250 mm x250 mm x12 mm). The particles were mixed with the matrix using a four-
blade marine-type propeller and the sheets were manufactured using casting process. These samples 
were all prepared using a proprietary adhesion promoting agent as part of the matrix composition. 
Each composite is formulated using the same type and amount of adhesion promoter and crosslinker. 
Table 1 shows the manufacturer’s (DuPont) specifications. Particles with a 15 μm mean diameter were 
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used for the manufacturing of composites with codes 1, 3 and 5. For these composites, the filler 
volume fractions were 34.7%, 39.4% and 44.4%, respectively. Keeping the same filler volume fraction 
as 3 (i.e. 39.4%), 8 μm particles were used for manufacturing composite 2, while 25 μm particles were 
used in composite 4. 
Table 1. Particle size and volume fraction of the ATH/PMMA composites. 
Composite Code Volume Fraction ATH Filler (%) Mean Particle Size of ATH Filler 
1 34.7 15 
2 39.4 8 
3 39.4 15 
4 39.4 25 
5 44.4 15 
2.2.  Experimental 
The flexural tests were performed according to ASTM D790M-10 [6]. The specimens used were 
simple rectangular beam specimens, with dimensions of 12x12x200 (mm3) in accordance with the 
standards. The loading span L was 160 mm. The crosshead rate was 4.5 mm/min. 
The SENB tests were performed according to ISO 13586 [7]. The specimens were rectangular beams, 
of dimensions 10x20x100 (mm3). A 10mm notch was machined in each specimen and then sharpened 
using a razor blade. The tests were performed at a cross-head motion rate of 10mm/min, while the 
compliance correction test was performed at 1mm/min.  
2.3.  Analytical model 
The results of Lielens model were used to verify the experimental results. Like most analytical models, 
Lielens model is based on the following equation [4]: 
࡯ = ࡯࢓ + ∅ࢌ൫࡯ࢌ − ࡯࢓൯࡭                                                   (1) 
where C are the elastic stiffness tensors, while the subscripts m and f represent the matrix and fillers, 
respectively. A is the strain concentration factor [4] and ∅f is the particle volume fraction. C-1, or 
compliance tensor, D, can be expressed as: 
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where E11 is longitudinal Young’s modulus, E22 is transverse Young’s modulus, μ12 longitudinal shear 
modulus, v12 is longitudinal Poisson’s ratio and v23 is transverse Poisson’s ratio. Hence, if A is 
obtained, the mechanical properties of the composite can be calculated accordingly. 
Lielens model is a bounding method, in which the reference materials for upper and lower bound are 
filler and matrix, respectively. Using the rule of mixtures between the upper and lower bound, Lielens 
et al. proposed a ‘convenient’ strain-concentration factor ML, which can be calculated according to: 
2015 Global Conference on Polymer and Composite Materials (PCM 2015) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 87 (2015) 012094 doi:10.1088/1757-899X/87/1/012094
2
where 
∅௙ + ∅௙ଶ
The strai
2.4.  Fin
The FEA
composi
In a bina
pixel (m
accordin
the pixel
particle. 
removed
input int
3.  Resu
Figure 2
can be s
particles
less ene
fractions
particles
F
ࡹ௟௢௪௘௥ = ൣ
2⁄ . Sm and S
n concentrat
ite element a
 modelling
tes were con
ry image, th
atrix) as fij=
g to its four
 lies in the b
If kij=2, the
 from the m
o Abaqus fo
lts and discu
 shows the G
een that hig
 were added
rgy can be 
 of the com
. The agglom
igure 2. GIC
ࡹࡸ
ࡵ + ࡿ࢓࡯࢓ି૚൫
f are the Esh
ion factor of
nalysis 
 was perfo
verted from
e position o
0 and a whi
 neighbours
ulk of a part
 pixel lies on
icrostructur
r the creation
Figure 1. T
ssion 
IC values as
her filler co
, the deform
absorbed du
posites, furth
erated parti
(A)  
 values as f
= ቂሺ1 − ܨ௅
࡯࢓ − ࡯ࢌ൯൧ି
elby’s tenso
 Lielens’ mo
࡭ࡸ = ࡹࡸ
rmed using 
 SEM image
f a pixel can
te one (filler
. By calcula
icle. If kij=3
 a diagonal
e to simplif
 of the 2-D 
he identifica
 a function 
ntent lead t
ation of the 
ring the cr
er increase 
cles induce 
                   
unction of (A
ሻሺࡹ࢒࢕࢝ࢋ࢘ሻି
ଵ,  ࡹ௨௣௣
rs of the ma
del can then
ൣ൫૚ − ∅ࢌ൯ࡵ
Abaqus [8]
s using a M
 be defined
) as fij=1, th
ting a value
, the particle
 boundary o
y the micro
FEA micros
tion of the p
of filler volu
o lower frac
matrix arou
ack growth.
in the filler 
stress conce
                    
) filler volu
ଵ + ܨ௅൫ࡹ࢛࢖࢖
௘௥ = ൣࡵ + ࡿࢌ
trix and the 
 be calculat
+ ∅ࢌࡹࡸ൧
, and the m
atlab python
 by its coor
e position o
, kij=fi+1j+fi-1j
 lies on a ve
r a corner. I
structure. Th
tructure. 
osition of a 
me fraction
ture .This c
nd the crack
 In addition
content can
ntrations, wh
                   
me fraction
ࢋ࢘൯ିଵቃ
ିଵ
    
࡯ࢌି૚൫࡯࢓ −
particle, resp
ed according
            
icrostructur
 proposed b
dinate (i, j). 
f a white pi
+fij+1+fij-1 (s
rtical or hor
f kij=1 or kij
e position o
white pixel. 
 (A) and par
an be explai
 tip was mo
, due to th
 lead to the 
ich can init
  (B) 
and (B) part
                   
࡯ࢌ൯൧ି૚  an
ectively. 
 to:  
                   
e geometrie
y Tarleton 
 By definin
xel can be i
ee figure 1)
izontal boun
j=0, the pixe
f each pixe
 
ticle diamet
ned by that
re limited an
e high filler
agglomerati
iate cracks a
icle diamete
          (2) 
d ܨ௅ =
          (3) 
s of the 
et al. [9]. 
g a black 
dentified 
, if kij=4, 
dary of a 
l will be 
l is then 
er (B). It 
 as more 
d hence, 
 volume 
on of the 
nd make  
 
r. 
2015 Global Conference on Polymer and Composite Materials (PCM 2015) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 87 (2015) 012094 doi:10.1088/1757-899X/87/1/012094
3
the crack
the fractu
On th
filled wi
while in 
the parti
fracture 
25 μm p
Figu
An im
on the m
agreed w
can repr
fracture 
Figur
 extend unt
re toughnes
e other hand
th smaller p
the compos
cles. This c
surface can 
articles. 
re 3. Fractu
age-conver
icrostructur
ell with the
esent the mi
toughness m
e 4. SEM im
il the cracks
s of the com
, larger part
articles, the 
ites filled w
onclusion is
be observed
(A)
re surface of
ted FEA mic
e of each co
 results of L
crostructure
odelling. 
age conver
 are larger t
posites. 
icles lead to
crack propag
ith larger pa
 supported 
 in the comp
                   
 composite f
rostructure 
mposite to 
ielens mode
 of the comp
ted FEA mic
han the criti
 higher GIC
ated in the m
rticles, the c
by the imag
osite filled w
                   
illed with (A
is shown in 
get the Youn
l (figure 5), 
osites and 
rostructure o
cal size that
values. This 
atrix was d
rack propag
es shown in
ith 8μm pa
                    
) 8 μm part
figure 4. A 
g’s modulu
which mean
hence, could
f ATH/PMM
 cause failur
is because th
eflected by 
ated through
 figure 3, i
rticles than 
(B) 
icles and (B)
tensile simul
s. The resul
s the image 
 be useful i
A composi
e, and henc
at in the co
the particles
 both the m
n which a 
in the one fi
 25 μm part
ation was p
ts of FEA m
based FEA g
n the future
 
te (8 μm, 39
e, reduce 
mposites 
 slightly, 
atrix and 
smoother 
lled with 
 
icles. 
erformed 
odelling 
eometry 
 work of 
.4%). 
2015 Global Conference on Polymer and Composite Materials (PCM 2015) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 87 (2015) 012094 doi:10.1088/1757-899X/87/1/012094
4
4.  Conc
GIC valu
lower fra
other, w
composi
Referen
[1] St
(M
[2] Ni
un
[3] Ta
co
[4] Li
m
Sc
[5] M
wi
[6] Am
Fl
M
[7] IS
ela
St
[8] AB
Pr
[9] Ta
co
Figur
lusion and f
es of compo
cture tough
hich means 
tes. Therefor
ces 
apountzi O 
ethyl Metha
e S 2005 A 
der Thermo
rleton E, C
mposites Co
elens G, Pi
echanical p
ience and M
ori T and T
th misfitting
erican Soc
exural Prop
aterials  
O 13586-20
stic fractu
andardizatio
AQUS 20
ovidence, R
rleton E, C
mposites Co
e 5. The resu
uture work
sites increas
ness. The re
that the ima
e, in the futu
A 2008 Stif
crylate) Com
Mechanical 
mechanical 
haralambid
mputationa
rotte P, Co
roperties fo
anufacturin
anaka K 19
 inclusions A
iety for Te
erties of 
00 2000 P
re mechan
n) 
12 Version
I) 
haralambid
mputationa
lts of FEA a
 
e with the i
sults of FEA
ge converted
re, this met
fness and F
posites (Im
Study of the
Loading (Sta
es M N an
l Materials S
uniot A, D
r compressi
g 29 63-70
73 Average 
cta Metallu
sting and M
Unreinforce
lastics-deter
ics (LEFM)
 6.12 Doc
es M N an
l Materials S
nd Lielens m
ncreasing pa
 modeling 
 FEA geom
hod will be u
racture Pr
perial Colle
 Damage Me
te Universit
d Leppard 
cience 64 18
upret F an
on moulded
stress in m
rgica 21 57
aterials D7
d and Rein
mination of
 approach
umentation
d Leppard 
cience 64 18
odelling of
rticle size, w
and Lielens 
etries can re
sed in the m
operties of A
ge London: 
chanicas of
y of New Y
C 2012 Im
3-186. 
d Keunings 
 composite
atrix and av
1-4 
90M-10n 2
forced Pla
 fracture to
 (Gevena: 
(USA: Das
C 2012 Im
3-6 
Young’s mo
hile higher
modeling ag
present the 
odelling of 
lumina Tri
PhD thesis) 
 Acrylate Pa
ork at Buffal
age-based m
R 1998 Pr
s Composit
erage elastic
010 Standar
stics and E
ughness (GI
Internation
sault Syste
age-based m
 
dulus. 
 filler conte
reed well w
microstructu
fracture toug
hydrate Ffil
rticulate Co
o: PhD disse
odelling o
ediction of
es Part A:
 energy of 
d Test Met
lectrical I
C and KIC
al Organiz
mes Simul
odelling o
nt means 
ith each 
re of the 
hness. 
led Poly 
mposites 
rtwation) 
f binary 
thermo-
Applied 
materials 
hods for 
nsulating 
)-Linear 
ation of 
ia Corp. 
f binary 
2015 Global Conference on Polymer and Composite Materials (PCM 2015) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 87 (2015) 012094 doi:10.1088/1757-899X/87/1/012094
5
  
 
 
 
Corrigendum: Microstructure-property relationships in alumina 
trihydrate filled poly (methyl methacrylate) composite materials 
 
Ruoyu Zhang
1
 
Mechanical Engineering Department, Imperial College London, London, United 
Kingdom 
 
 
CORRIGENDUM TO: Ruoyu Zhang 2015 IOP Conf. Ser.: Mater. Sci. Eng. 87 012094 
 
I would like to acknowledge the contribution of M N Charalambides to this work by adding her name 
as co-author of the published article. The correct list of authors for the paper ‘Microstructure-property 
relationships in alumina trihydrate filled poly (methyl methacrylate) composite materials’ is:  
 
Ruoyu Zhang and M N Charalambides 
Mechanical Engineering Department, Imperial College London, London, United  
Kingdom 
 
E-mails: r.zhang13@imperial.ac.uk, m.charalambides@imperial.ac.uk 
 
 
